Objective: The objective was to describe a novel ultrasound-assisted lumbar puncture (UALP) technique and to compare it to standard lumbar puncture (SLP) technique in infants.
L umbar puncture (LP) is commonly performed in the pediatric emergency department (ED), most frequently to identify meningitis in young infants. Unsuccessful LP is typically defined by the collection of bloody cerebrospinal fluid (CSF) or failed attempts to obtain any fluid. The reported rate of traumatic or failed LPs in children is between 10 and 50%, depending on patient age and the red blood cell (RBC) count used to define "traumatic." [1] [2] [3] [4] [5] [6] [7] Bedside point-of-care ultrasound is used by emergency physicians to facilitate the performance of a variety of procedures, including the presence and need for reduction of long-bone fractures, 7 detection of foreign bodies, 8 successful collection of urine specimens, 9 and central line placement. 10 A prospective randomized controlled trial in adults documented the beneficial effect of ultrasound-assisted lumbar puncture (UALP). 11 However, existing data in children are mostly limited to case reports, [11] [12] [13] [14] [15] [16] [17] [18] with only one recent publication in infants that is promising. 19 First described in 1971 by Bogin et al., 12 ultrasound has been successfully used to identify the dural space for catheter placement by authors from many disciplines. [12] [13] [14] [15] [16] There are two distinct techniques for performing LP with aid of sonography-guided and assisted. In the guided technique, the sonographer directly observes the needle as it is being advanced into the spinal canal. This requires significant training, dexterity, multiple operators, and a sterile environment. In the assisted technique, the sonography is performed just prior to the LP, where all of the important landmarks are identified and skin is marked. Our novel technique adds additional measurements not currently employed to aid in the LP technique. The purpose of this study was to evaluate a novel UALP technique in infants 60 days of age and younger.
METHODS

Study Design
We conducted a prospective, randomized, controlled trial comparing a novel UALP to the standard palpation LP technique. The study was approved by the institutional review board at the Albert Einstein College of Medicine. The authors have no conflicts of interest or sources of funding to disclose.
Study Population
The trial was conducted in a pediatric ED of an urban teaching hospital with an annual volume of 40,000 visits. Infants 60 days and younger requiring a LP as part of their standard evaluation were eligible. Patients with a known abnormality of the spine and/or a ventriculoperitoneal shunt were excluded. A convenience sample of patients was enrolled from February 2007 through December 2007.
Novel UALP Technique
A method for performing LP with the assistance of ultrasound was developed by the study team. In infants, the standard LP landmarks are easily palpated, and the failure is typically a result of puncturing a subdural vessel by advancing the needle too far. Therefore, the premise for the technique was to use ultrasound to determine a "maximum safe depth" to limit needle advancement and hence avoid a bloody LP.
Prior to study initiation, three investigators learned the technique to measure the maximum safe depth on healthy infant volunteers. Their images were reviewed for accuracy by a pediatric radiologist.
A Siemens Sonoline G40 (Siemens Corp.) ultrasound machine was used for all sonographic examinations. Patients were positioned in the lateral decubitus flexed position (right or left), and a 10-MHz linear array probe was used in the longitudinal midline orientation to identify the conus medullaris, the L1-5 lumbar spines and the corresponding dural space. The interspace below the conus with the greatest amount of CSF (typically L3-5) was selected, centered on the ultrasound machine screen and marked with a skin pen immediately next to the center of the ultrasound probe ( Figures 1A and 1C) . The probe was then turned 90°to identify the same space in the transverse view and another mark was made (Figures 1B and 1D ). The marks were extended at a 90°a ngle to each other to create a cross over the lumbar interspace of interest, marking the site of the LP. [20] [21] [22] With the sonographic probe in the longitudinal view (Figure 2A ), the conus can be identified as an anechoic structure that tapers and turns into an echogenic filum terminale approximately at the level of T12-L1 vertebra. The filum continues caudally and is surrounded by the echogenic fibers of the cauda equina and hypoechoic CSF. The distance from the skin to the anterior dural border was then measured through the interspace of interest at a 90°angle ( Figure 2B ). This measurement represents the "maximum safe depth" and is marked on the spinal needle with calipers and a sterile skin marker just prior to the procedure ( Figure 2C ). The rationale for such measurement is based on the fact that the needle insertion angle during the LP will vary between providers for a particular patient. However, since the needle is directed cephalad (typically 30°-70°), the true distance to reach the vasculature in the epidural space will be longer than the sonographic safe depth. This is explained by the Pythagorean theorem and demonstrated in Figure 3 . Therefore, by measuring the "maximum safe depth" at 90°, the risk for puncturing the epidural vasculature as demonstrated in Figure 4 is decreased.
During the LP, if the needle marking was reached without obtaining CSF, providers performing the ACADEMIC EMERGENCY MEDICINE • January 2017, Vol. 24, No. 1 • www.aemj.org procedure understood that they had a small amount of space left to safely advance the needle based on the angle of entry they chose. Their option was to proceed with caution, redirect and/or withdraw the needle, or reattempt the procedure.
Study Protocol
A convenience sample of patients was enrolled during times when a trained investigator was available. A standard block randomization technique was used prior to the enrollment period to determine group assignment. Families were approached for enrollment at the time that a decision to perform a LP was made by the treating physician. After consent was obtained from the parent or legal guardian, patients were enrolled into either the UALP group or the (SLP) group.
The investigator performed a spinal ultrasound on all patients. House officers or trained pediatric nurse practitioners performed LPs in both groups under direct supervision of a pediatric emergency medicine attending or fellow as is routine. In the UALP group, providers performing the LP were advised on ultrasound findings. In the SLP group, providers were blinded to the ultrasound findings, and the investigator was not present during the performance of the LP. All infant underwent sonography for a preplanned secondary analysis of the depth measurements. The number of attempts allowed by trainees and other factors associated with performance of the LP were at discretion of the treating attending physician.
Providers' experience and comfort performing a LP in infants were assessed using a 5-point Likert scale before the procedure was attempted. After the procedure, the provider recorded clinical variables such as anesthesia use, stylet technique, number of attempts, and patient positioning. The investigators abstracted the medical record for demographic, laboratory, and disposition data. The investigators were not blinded during this process.
Primary Outcome
The primary outcome was a successful LP. Success was defined as obtaining at least three 0.5-mL CSF samples for analysis and a CSF RBC count of less than 10,000 cells/mm 3 . If more than one tube was analyzed for cell count, the lower of the two RBC counts was used to determine success.
Sample Size Determination A 5-month retrospective review of LP results for infants 60 days of age and younger at our institution revealed a failure rate of 44% as defined by our criteria. Based on case reports, we set the failure rate for the ultrasound assisted technique at 5%, slightly more than the 0% reported by Coley et al. 16 on patients with fluid visible on sonography. We determined that 23 patients in each of the two groups would be required to detect a statistically significant difference with an alpha of 0.05 and power of 80% (two-tailed test).
Data Analysis
Data were analyzed using SPSS for Windows Graduate Pack, Version 14.0 (SPSS Inc.). Fisher's exact probability test, Student's t-test, and number needed to treat (NNT) calculations were used for analysis.
RESULTS
The study was terminated prior to reaching our goal of enrolling 23 patients into each group due to academic calendar demands of the lead author. A total of 43 patients were enrolled. No patients were excluded, Figure 3 . The mathematical theory of the maximum distance. (A = needle insertion angle, B = perpendicular [90°] distance from skin to anterior dural border, and C = skin to anterior dural border distance at the given angle of entry). A trigonometric equation can be used to compute the maximum safe needle depth for any given insertion angle, but will always result in C > B. B is thus the safest distance, but may not provide adequate depth if entry angle is very shallow. and none refused to participate. Twenty-one were enrolled in the UALP group and 22 in the SLP group. The median age was 38 days (interquartile range [IQR] = 33 days) in the UALP group and 45 days (IQR = 19) in the SLP group (p = 0.02; Table 1 ). The groups did not differ in terms of prematurity, patient weight, or length. Dichotomous analysis of provider training and comfort levels at performing LPs in infants was not significant between groups. Most patients presented with a chief complaint of fever (84%). Other complaints included apparent life-threatening event (ALTE; 7%), irritability (7%), and seizure (2%). Discharge diagnoses included fever (46.5%), bronchiolitis/viral illness (26%), pyelonephritis (9%), ALTE (7%), clinical sepsis (4.6%), sepsis with bacteremia (4.6%), and pneumonia (2.3%).
A successful LP was achieved in 20 (95%) of UALP and 15 (68%) of SLP patients (p = 0.023). The odds of success using the UALP technique was 9.33 times higher (95% CI = 1.034 to 84.026) compared to the SLP technique. The odds of success in the UALP group adjusted for age was 12.05 (95% CI = 1.15 to 126.02). Anesthesia use, stylet technique, and number of LP attempts were not significantly different in the two groups. In the UALP group, the single patient who did not meet successful LP criteria still had CSF collected, but with a RBC count of greater than 10,000 cells/cm 3 . In the SLP group, the provider failed to obtain any CSF specimen from four patients (18%), and three others (14%) had CSF RBC counts of more than 10,000 cells/cm 3 . CSF was obtained in 21 (100%) patients in the UALP group versus 18 (81.8%) in the SLP group (p = 0.04). The NNT, i.e., the number of UALPs needed to prevent one SLP failure, was 3.7 (95% CI = 2.02 to 24.18; Table 2 ).
During the enrollment period a total of 68 patients were eligible; 25 were not enrolled because a study investigator was not available. We retrospectively reviewed the medical records of these patients. Although provider experience and technique details could not be extracted from the records, 18 (72%) of these 25 patients satisfied our study definition of successful LP, similar to the results for the SLP group. The data on the depth at which the CSF was reached were not analyzed because the clinical providers failed to use a consistent technique to mark and measure the needle upon removal.
DISCUSSION
Infants with fever or signs of a serious bacterial infection routinely undergo a full sepsis evaluation, including a LP. In the past, all such patients were admitted to the hospital for parenteral antibiotics. However, under current established practice, many well-appearing infants with reassuring results of the initial evaluation are either observed without therapy or discharged with close follow-up. Thus, an unsuccessful LP can be solely responsible for a potentially avoidable hospital admission-with its inherent risks of hospital-related complications, increased cost, parental anxiety, and time lost from work.
We developed and prospectively studied a novel UALP technique in infants younger than 60 days of age. We demonstrated that our method was more effective than the SLP technique, both for obtaining CSF and for having interpretable RBC counts. The reported rate of traumatic or failed LPs in children ranges between 10 and 50% depending on the clinical setting, patient age, and the RBC count used to define "traumatic." In previous investigations RBC counts of NNT = number needed to treat; SLP = standard lumbar puncture; UALP = ultrasound-assisted lumbar puncture.
400, 1,000, and 10,000 cells/mm 3 have been used to define traumatic. Variables such as younger age and "stylet-in technique" are independent predictors of LP failure. [1] [2] [3] [4] [5] CSF RBC counts in the low thousands are typically clinically interpretable. Therefore, we chose a RBC cutoff of 10,000 cells/mm 3 as a reasonable definition of success. Also, since this is a less stringent definition, with a higher probability of successful LP in both groups, a statistically significant difference would likely be clinically relevant as well.
The largest prospective study of standard LP using a similar definition of success was conducted by Nigrovic et al. 5 consisting of 1,459 patients up to 3 months of age undergoing LP in an academic pediatric ED. The overall rate of traumatic (defined as RBC count > 10,000 cells/mm 3 ) or unobtainable LPs was 20%. Our study was limited to infants 60 days of age and younger with a failure rate of 32% in the SLP group, and 28% in patients who missed enrollment. Since younger age is associated with a higher chance of an LP failure, our findings are likely comparable to those of Nigrovic et al. In our institutions, the current clinical trend is to forgo LPs on many 30-to 90-day-old infants, with most done on neonates 6 weeks and younger. We believe that this factor makes the UALP technique even more relevant. In our study, the UALP patients were younger and the failure rate with ultrasound use was 5%. Thus, use of the UALP technique can potentially affect the management of up to onethird of the infants evaluated for meningitis. Further studies may be warranted to evaluate the relationship of successful LP to outcomes such as reduced hospitalization rates, fewer complications from additional medication use, improved parental satisfaction, and reduced time loss from work.
The only other reported study in children that looks at the spinal depths by ultrasound was by Ozdamar et al. 20 Authors reported a lack of statistically significant difference in traumatic and failed LP using UALP. However, they enrolled nonobese patients up to 18 years of age and used "approximate" needle insertion depth based on the ultrasound measured skin-to-epidural space distance, very different from our age group and technique.
During our study, we identified an additional unanticipated benefit of sonography for LP. When the first attempt is unsuccessful or grossly bloody, the clinician can easily reevaluate the site to determine if a significant hematoma has developed ( Figure 5 ). In a case series, Coley et al. 18 reported that the success rate of a repeat LP, even with direct visualization under sonography, is very low when a large epidural hematoma is present. Further investigations should address whether additional LP attempts are warranted in the presence of a significant epidural hematoma.
LIMITATIONS
This study was an unblinded trial. However, all patients were randomized, and the groups were similar except for age. Eligible patients who were not enrolled were still followed, and the success rate in these patients was similar to that of the control group. Marking of the LP site on the patient may have played a greater role in the success of the UALP group than measurement of the maximum safe depth. However, infant landmarks are typically easily palpated and the marking was likely less important. Simple visualization of the space may have indirectly aided the clinicians to be more careful, advance the needle slower, or understand the anatomy better, thus yielding better results. While this is not a true limitation because overall the technique worked, we believe that the measurement played the most significant role in this technique. Finally, we did not meet our goal of enrolling 23 patients into each arm of the study due to academic timelines, and our 95% CIs were quite wide. However, we achieved statistical and clinical significance with this novel technique. We do not believe that enrollment of three additional patients would change these results. 
CONCLUSION
The novel ultrasound-assisted lumbar puncture technique with the measurement of a maximum safe depth is superior to traditional palpation lumbar puncture technique in infants 60 days of age and younger.
The maximum safe needle depth can be easily measured and used to improve the success of lumbar punctures in infants. The number of ultrasoundassisted lumbar punctures needed to be performed to prevent one standard lumbar puncture failure is 3.7.
